A modified assimilable organic carbon (AOC) bioassay is proposed. We The assimilable organic carbon (AOC) bioassay is a nutrient bioassay developed by van der Kooij (23) that uses a defined bacterial inoculum to measure the potential for bacterial growth in drinking water. The bacteria largely associated with growth within distribution systems are heterotrophs (23), bacteria that oxidize reduced carbon compounds for energy and also require these organic molecules as a source of carbon building blocks. Most of the nutrition for heterotrophs in distribution systems presumably comes from dissolved organic molecules in the source water. Only a portion of the heterogeneous mixture of dissolved organic carbon (DOC) in groundwaters and surface waters used for drinking water supplies is susceptible to microbial decomposition. The monomers, the labile DOC compounds (27), are metabolized most readily (8).
The assimilable organic carbon (AOC) bioassay is a nutrient bioassay developed by van der Kooij (23) that uses a defined bacterial inoculum to measure the potential for bacterial growth in drinking water. The bacteria largely associated with growth within distribution systems are heterotrophs (23) , bacteria that oxidize reduced carbon compounds for energy and also require these organic molecules as a source of carbon building blocks. Most of the nutrition for heterotrophs in distribution systems presumably comes from dissolved organic molecules in the source water. Only a portion of the heterogeneous mixture of dissolved organic carbon (DOC) in groundwaters and surface waters used for drinking water supplies is susceptible to microbial decomposition. The monomers, the labile DOC compounds (27) , are metabolized most readily (8) .
Despite a growing need within the water industry to measure biodegradable organic matter concentrations, widespread use of the AOC bioassay has been hampered by the fact that the assay is exacting to perform, requiring an organic carbon-free technique as well as a sterile technique; the assay remains a research tool which is prohibitive for general use (14) . Our research was undertaken to simplify the protocol for the AOC bioassay so that it could be used routinely by all water utilities.
MATERIALS AND METHODS
Overview of the AOC bioassay. The AOC bioassay developed by van der Kooij (23, 24) involves the growth of a stationary-phase inoculum of the bioassay organisms Pseudomonas fluorescens P-17 (ATCC 49642) and Spirillum sp. strain NOX (ATCC 49643) to a maximum density when * Corresponding author.
introduced into 600 ml of pasteurized test water. The incubation vessels, Erlenmeyer flasks (1 liter) with ground glass stoppers, and pipettes are rendered organic carbon free with potassium dichromate. Inoculated test waters are incubated at 15°C and sampled repeatedly to establish a maximum density. Densities of P-17 and NOX are enumerated with spread plates on Oxoid Lab-Lemco nutrient agar. To calculate AOC concentrations, the yields of the bioassay organisms on model compounds are used as conversion factors (24) , and the data are expressed as micrograms of acetate-C equivalents per liter. Many of our experiments were performed with only P-17. Recommended modifications to the AOC bioassay were tested with both NOX and P-17.
Preparation of inoculum. We prepared stationary-phase inocula of P-17 or NOX from turbid suspensions, making a transfer from working slants into 2 to 3 ml of filtered (0.2-,um), autoclaved White Clay Creek stream water. A suspension (100 ,ul) was transferred into 50 ml of filtered and autoclaved stream water in a sterile 125-ml ground glassstoppered Erlenmeyer flask amended with 1 mg of acetate-C per liter. Purity of the suspension was confirmed on R2A agar, and the cultures were incubated at 25°C until stationary phase. Stationary phase was determined from viable cell counts by the spread plate method described below, and the culture was then refrigerated at 5°C until needed. Prior to the AOC bioassay, a direct microscopic count, described below, was performed to determine the appropriate volume of inoculum. We assessed the stability of stationary-phase cultures of both bioassay organisms by enumerating viable cells recovered after storage at 5°C.
A log-phase inoculum of P-17 was prepared from a slant with three daily transfers into 0.1% tryptone-yeast extract (TYE) broth followed by a transfer into 0.01% TYE the day before the assay. Growth was monitored from optical density at 650 nm. Total cells were stained with acridine orange EVALUATION AND SIMPLIFICATION OF AOC BIOASSAY 1533 (3) or 4',6-diamidino-2-phenylindole (20) and enumerated with a Zeiss Universal microscope equipped for epifluorescence. We used a sterile microliter pipette to add a volume of inoculum to each bioassay vessel sufficient to yield 1,000 cells per ml.
When we worked with incubation vessels closed with septa, inoculation through the septa with a tuberculin syringe and Tridak Stepper repetitive pipette was compared with inoculation with an Eppendorf automatic pipette and sterile polypropylene tips after opening and flaming the vial.
Preparation of incubation water. Incubation water was prepared by pasteurization or sterile filtration. Tests for AOC and DOC contaminants in filtrates were performed with organic carbon-free deionized water (nanopure) and prefiltered stream water. The nanopure water was prepared with a Barnstead low-pressure reverse-osmosis and fourbowl Nanopure II system. Sodium thiosulfate (21 ,uM, final concentration) was added to test waters containing chlorine residuals. Pasteurization was performed initially at 60°C for 0.5 h (24), but to ensure that portions of the flasks above the waterline reached 60°C, we increased the temperature of the water bath to 70°C. Pasteurized water was cooled prior to inoculation and then incubated at 15°C.
Sterile filtration was performed with hydrophilic polyvinylidene difluoride filter membranes (0.22 ,um, Durapore, Millipore) in a peristaltic pump or with a membrane of mixed esters of cellulose in a self-contained syringe-type filter device (0.2 ,um, Clyde, Whatman). The Durapore filters were washed by filtering 1 liter of deionized water to waste and then 100 ml of the test water. The Clyde disposable filter device was rinsed with 120 ml of test water. Three additional filter materials, glass fiber, nylon, and polysulfone, were tested for contributions of DOC to filtrates. Glass fiber filters were heated to 450°C for 6 h and then washed by filtering 100 ml of nanopure water to waste. The other filters were washed with 200 to 500 ml before collecting the filtrate for DOC determinations.
Preparation of bioassay vessels and other glassware. Glassware cleaning with potassium dichromate-sulfuric acid (24) was compared with heating (550°C, 6 h). Three different incubation vessels, 1-liter Erlenmeyer flasks with ground glass stoppers, biochemical oxygen demand (BOD) bottles, and 40-ml borosilicate vials with Teflon-lined silicone septa, were tested. The septa were soaked in a 10% (wt/vol) potassium persulfate solution at 60°C for 1 h and then rinsed with nanopure water. Additionally, three brands of commercially available precleaned and assembled 40-ml borosilicate vials and septa (I-Chem, Pierce, and Scientific Specialties) were used without additional treatment.
Enumeration of the bioassay organisms. Incubation vessels were shaken vigorously for 1 min prior to sampling, and subsamples for viable counts and direct microscopic counts were removed aseptically with sterile, organic carbon-free glass pipettes or Eppendorf pipettes. Viable count samples were serially diluted with sterile phosphate buffer (100 mM, pH 7.0). We compared three different nutrient agars for their abilities to support growth of P-17 and NOX, namely, Oxoid Lab-Lemco, proposed by van (6) . Lowmolecular-weight DOC was determined by ultrafiltration through precleaned membranes in an 80-ml stirred cell (47-mm PTGC, Millipore). The ultrafilters are rated as having a nominal molecular size cutoff of 10,000 Da, and details of the cleaning procedure have been described previously (11) . UV-labile DOC was determined by a 1-h UV irradiation of water samples held in quartz tubes (17) , and DOC measurements were made before and after the irradiation step. Primary amines were measured by a fluorometric technique using fluorescamine (18) , and monosaccharides were assayed by the spectrophotometric 3-methyl-2-benzothiazolinone hydrazone hydrochloride (MBTH) method (4).
RESULTS
Physiological condition of the inoculum. Cultures inoculated with cells in stationary or log phase both attained stationary phase by day 3 or 4 (9, 10). Stationary-phase inocula were preferred since additional effort was required to have a culture in log phase on the day of the assay. Stationary-phase stock monocultures of P-17 and NOX stored at 5°C changed by less than 20% during 1 month and were usable for over 2 months. A total of 18 dilute mixed cultures of P-17 and NOX sealed in ampoules changed on average by 34% over 2 weeks, some increasing and some decreasing. On Filtration to remove POC from raw waters prior to pasteurization prevents the release of DOC from the particles. For example, a significant difference in DOC was measured when a low-turbidity water sample from White Clay Creek at baseflow (<5.0 nephelometric turbidy units) was pasteurized, with (1,159 ± 36 ,ug/liter) or without (1,212 ± 19 ,ug/liter) glass fiber filtration (xT + SD, n = 5; t test, (x level of P = 0.05). While glass fiber filters do not achieve sterility (in fact they do not remove most bacterium-sized particles), they do remove most of the turbidity and POC from raw surface waters prior to pasteurization. Three filtration systems, a vacuum pump, a peristaltic pump, and a polypropylene syringe, each tested with glass fiber filters, contributed 162 ± 53 (6), 13 ± 18 (7), and 3 ± 4 (11) ,ug of DOC per liter, respectively (x ± SD [n]) to filtrates of deionized water. The DOC contribution from vacuum filtration was significantly greater than that from the other systems (Tukey's Studentized range test, a level of P = 0.05).
Incubation vessels, glassware cleaning, and use of commercially precleaned vessels. High temperature eliminated organic carbon contaminants from glassware as effectively as potassium dichromate. P-17 inoculated into pasteurized drinking water in high-temperature-cleaned and dichromatecleaned glassware grew to the same densities, ( Enumeration of the bioassay organisms. No significant differences were found for the two bioassay organisms when subsamples from the same serial dilution tube were spread on the three different nutrient agars. P-17 densities on Oxoid, R2A, and Difco agar were 8.14 + 1.95 (n, 5), 7.56 + 0.87 (n, 8), and 7.86 + 1.11 (n, 8) (105 CFU/ml; xi + SD), respectively. NOX densities were 3.72 + 0.29 (n, 5), 3 .65 + 0.52 (n, 4), and 3.68 + 0.49 (n, 5) (105 CFU/ml; x + SD) for the three agars, respectively. Comparing P-17 enumerated by spread plates and that by epifluorescence direct microscopic counts showed that densities of total cells and viable cells were significantly correlated (r = 0.85; P > 0.01), and on average the density of total cells exceeded the density of viable cells by a factor of 1.6 0.6 ( + SD, n = 39) (9, 10).
Yield on AOC. AOC concentrations based upon cell densities and the yield of P-17 on acetate-C were, on average, 1.25-fold higher than those based upon carbon mass balance (10) . This implies that the yield of P-17 on naturally occurring AOC exceeded the yield of P-17 on acetate; a higher yield results in a lower estimate of AOC. P-17 cell volume at stationary phase ranged from 0.08 to 1.37 ,um3 with an average volume of 0.34 + 0.18 ,um3 (i SD, n = 644). We sampled three different test waters separately, collecting approximately 108 P-17 cells from each water for carbon analyses. Dividing the carbon mass by the number of total cells gave an estimate of (1.56 t 0.18) x 10-7 ,ug of C per cell (. SD, n = 3). The mass balance data represent changes in DOC, assuming complete oxidation of the cellular carbon present during the total organic carbon analyses. DOC changes in autoclaved samples, abiotic controls, were slight but erratic.
Nested ANOVA and optimal sampling design. The greatest source of variation in the AOC data from 21 drinking water samples was the site or water source (Table 3) . Given the diversity of test waters, this is an anticipated result and was excluded from consideration of an optimal sampling design. We also chose to ignore sample date as a source of error because this was associated with the variation in cell densities during the growth curve, including variations at stationary phase. The three variance sources that were the focus of the analysis were vials, serial dilutions, and spread plates. From variance components for those sources, we calculated that vials, serial dilutions, and spread plates contributed 60, 7, and 33%, respectively, of the variance for P-17 and 34, 5, and 60%, respectively, of the variance for NOX. Calculations of changes in variance with different sampling designs showed that replication at the highest level of variance source, the vial, was most effective at reducing the total variance while keeping the work load constant or even reducing it 2.4-fold (Table 4) .
Organic constituents within the DOC pool. The concentrations of organic constituents measured in chlorinated groundwater or drinking water treatment plant effluents are shown in Fig. 1 . DOC of <10,000 in nominal molecular 
DISCUSSION
We began our evaluation of the AOC bioassay with the goal of making the procedure easier for routine use by water utilities. Several of the a priori changes we tested did not meet that criterion. For example, log-phase rather than stationary-phase inocula and sterile filtration rather than pasteurization were more labor intensive and did not improve the assay. Other changes, specifically a reduction in the incubation vessel size and the use of commercially precleaned glassware, simplified the assay. The inclusion of quality control samples, discussed below, increased the work load, but the samples are important for the interpretation and accuracy of results.
Both bioassay organisms are available from the American Type Culture Collection, and neither is particularly fastidious, so they can be easily grown and maintained. Stock cultures of stationary-phase organisms are stable for months, and the lag phase during which the bioassay organisms shifted from a 2-month-old stationary-phase culture to exponential growth was no more than 1 day at 15°C. Cells used for inoculation were supplemented with acetate (24) . NOX has highest yields on carboxylic acids, but higher yields for P-17 can be achieved with amino acids (24) , and there is no reason to suspect that the carbon source supplied to the stock cultures would alter the physiology of the bioassay organisms after inoculation. The stability of P-17 and NOX in mixed cultures, on low-carbon medium, stored in ampoules at 5°C, indicates that known densities of the inoculum could be supplied ready to use, eliminating the need to reconstitute a freeze-dried culture, follow population growth, or maintain stocks of the bioassay organisms.
We have not found a commercially available organic carbon-free sterile filtration system. With the exception of the Duropore and Clyde membranes, we do not know whether the DOC leached from different membranes was biodegradable, but some contribution to AOC is likely. There is no evidence that pasteurization alters AOC concentrations except in the presence of POC. Filtration of raw waters to remove most of the POC prior to pasteurization is recommended. Muffled glass fiber filters used with filtration systems isolated from the atmosphere effectively remove POC, though not bacteria, without measurable DOC release. With especially turbid samples, larger-capacity filter systems such as high-temperature-cured Balston Microfibre Filter Tubes (25-and 0.3-,um pore size), arranged in series, may be required.
Heating glassware to eliminate organic carbon eliminates the need for an acid bath and disposal of used dichromate. For laboratories that do not want to prepare their own glassware, the purchase of precleaned incubation vessels simplifies this critically important aspect of the bioassay. Numerous suppliers offer precleaned glassware, and we tested only three brands; two separate lots of the Pierce product gave similar results. Our experience provides a cautionary note that each product needs to be tested for performance, preferably with an AOC blank.
We found the 40-ml vials with septa convenient to work with and measured only a slight increase in the betweenvessel variation by reducing the size of the incubation vessel. The ability to inoculate through the septa and the ability of the septa to withstand heating, including autoclaving, are advantages over ground glass. Inoculation through the septa not only eliminates the need to open the vials until the sampling date, but it is faster and easier than opening the screw caps and working with a flame to ensure sterility. The vials are relatively inexpensive and do not require much space, both practical considerations in establishing replicate cultures. With sufficient replication, different vials can be used at each sampling during stationary phase, avoiding the repeated sampling of the same bioassay vessel over a period of days. This minimizes the potential for bacterial contamination and eliminates the need for organic carbon-free pipettes.
Replication of incubation vessels is also the most efficient way to reduce the total variance and the cost of the AOC measurement. The nested ANOVA indicated that replication at the highest experimental level, the vial or individual batch culture, was more important in reducing the total variance than replication at either of the lower levels, serial dilutions or spread plates. Similar results have been reported for the enumeration of aerobic heterotrophs with the spread plate (5, 13) or pour plate (13) technique. The argument we presented for an optimal sampling design was based upon variance terms alone, but economic considerations also support the design. The actual cost of a spread plate is much greater than the time required to spread the inoculum, as it includes the cost and effort involved with medium preparation, plate labeling, and plate scoring. In fact, the only time that replication at the lower experimental levels is warranted is when the cost and effort to do so are minimal. We routinely replicate 10% of all serial dilutions and spread plates, but this is for quality assurance purposes only.
The AOC concentrations measured in differently sized vessels correlated well, but smaller vessels did support higher densities of P-17. AOC blanks for vials and flasks indicate that the vials were not a source of AOC contamination. Thus, it would appear that increased surface area was advantageous for P-17 under the conditions of the batch cultures. The mechanism underlying that phenomenon is unclear. It has long been suggested that the presence of surfaces in general leads to greater cellular activity (2, 28) . A critical review of the literature, however, has questioned the generality of this notion and suggested that the effects of surfaces depend upon the nature of the organism, the concentration and quality of the carbon source, and the type of surface (26) .
Our (16, 19) . The practical impact of these findings on the AOC bioassay is that the assay must be operationally defined as to vessel size, incubation temperature, and enumeration technique if comparable data are to be generated. Accurate The AOC bioassay is used extensively in The Netherlands as an index of regrowth potential (24) . Results of the bioassay are converted from CFU per milliliter to acetate-C equivalents for the convenience of expressing AOC as a carbon concentration. When the AOC bioassay is compared with other assays of bacterial nutrient concentration, it is often expressed simply as C per liter. To do so, however, extends the bioassay beyond its intended use and implicitly assumes that the yields of bioassay organisms on acetate-C are equivalent to the yields on naturally occurring AOC. Our estimates of AOC concentrations based upon carbon mass balance suggest that in the majority of cases, P-17 yield on acetate underestimated the actual yield on naturally occurring AOC. Previous studies with P-17 have shown that the yields on amino acids, carbohydrates, and aromatic acids all exceed the yield on carboxylic acids, by factors ranging from 1.6-to 2.4-fold (25) . NOX, however, has the highest yield on carboxylic acids (24) . Therefore, to the extent that the AOC bioassay measures the monomeric constituents of the DOC pool and the growth of P-17 dominates the bioassay, the yield on acetate would be expected to underestimate the actual yield. The empirically derived, published yield factors for P-17 and NOX grown on acetate (24) appear to be a reasonable compromise and should be used to calculate the expected growth. The exception would be when drinking water has been ozonated, in which case the yield for NOX grown on oxalate should be used.
Drinking water utilities are becoming increasingly aware of the potential benefits from designing treatment processes to reduce concentrations of bacterial nutrients. Process optimization for nutrient reduction requires a method that is sensitive and precise, because concentrations of AOC as low as 50 to 100 ,ug of C per liter of biodegradable organic substrates can support 108 to 109 CFU/liter (24) . In The Netherlands, an operational goal for biologically stable water has been set at an AOC concentration of 10 jig/liter (24) ; for the United States, an AOC value of 50 jLg/liter has been recommended for coliform control (15) .
We have suggested modifications to the AOC bioassay, and a comparison of our proposed technique with the original method (23, 24) is listed in Table 5 . Our proposed AOC technique is not more sensitive or precise than the original, but it maintains reasonable levels for these parameters, while being easier to perform accurately.
